INTRODUCTION
Interest in fractal structures can be aroused by several factors. Fractal structures are common in nature, and the structures that play a role in the formation of macroscopic systems, as well as represent new structures characterized by dramatic changes in the physical properties. Solids considered fractals, if there is a geometric similarity in the structure of the solid. These structures are formed by condensation under complex non-equilibrium conditions, an example would be the adhesion of solid particles moving according to a certain law [1] . The analysis of fractal clusters and aggregates reduced to compare the properties of geometrically determined fractal structures (scale invariance, similarity, structural hierarchy, etc.) with the structural formations in solids [2] . Fractal structures formed of carbon nanoparticles can enhance the field emission. It was experimentally shown [3, 4] that the thermal EMF of a fractal carbon structure, obtained by atomizing graphite in the plasma of an arc discharge, increased almost by an order of magnitude compared to that of the graphite. In many cases, the fractal structure of a solid allows higher specific strength characteristics, low thermal conductivity and acoustic permeability.
In the plasma-arc method for producing carbon nanotubes, carbon nanoparticles, and fractal carbon structures electrodes of graphite are often used [5] [6] [7] . Fractal structures in the cathode deposit consist of spherical carbon clusters with size of 6-8 nm, which merge and can give structure sizes of diameters.
The aim of this work is to determine the dimensions of fractal carbon structures using electron microscopy and to provide characteristics of fractal carbon structures by calculating the fractal dimension.
EXPERIMENTAL PART
We obtained a carbon deposit when atomizing an electrode in the plasma-arc synthesis chamber shown in Fig. 1 , where the inert gas (argon) fed and the pressure maintained at the level of 69 kPa. The reactor for carbon nanomaterials works as follows. Two electrodes: rolling anode 2 attached to the water-cooled cathode holder 3 and 4, located in the plasma reactor 1. The inert gas supplied through the special channels 5. Temperature in the area of the arc is high enough to ionize argon and therefore, supply the inert gas directly through the special through-channels 5 in cathode 4 to support the generation of arc. The role of inert gas also is, firstly, in cooling carbon fragments, as excited they are not going in stable nanostructures, and, secondly, in assigning energy that is released when connecting fragments. The apparatus walls are cooled by means of cooling water circulating through pipes 7 and 8. The duration of the experiment of carbon nanomaterials synthesis by arc discharge usually is about 30-40 min, bringing the camera settles on the walls of the fullerene soot (plus fullerenes) and a solid cylindrical sediment on cathode rods 9. It is a central part of the deposit containing carbon nanostructures, nanoparticles and always accompanied by a certain number of disordered carbon. Fig. 1 . The design of a plasma-arc reactor: 1 -plasma reactor; 2 -movable anode; 3 -water-cooled holder; 4 -cathode; 5, 6 -through channels for the supply of inert gas; 7 -water inlet pipe; 8 -water outlet pipe; 9 -carbon deposit
The electrode that atomized in the chamber had a certain composition, the length of 80 mm and the diameter of 10 mm. The electric current measured was 80-90 A at a voltage of 20-30 V. The evaporation time of the upper electrode (anode) and the time of formation of the deposit on the lower, fixed electrode (cathode) was 30 min. The cathode consisted of a mixture of the pyrolytic carbon and the coal tar. Under these conditions, the structure of the substance was formed either in the process of recovery of the system from the nonequilibrium state or under non-equilibrium conditions at all. The plasma was formed in the inter electrode gap, and within 10 -4 s nanoparticles were synthesized, which gave rise to the formation of fractal structures either through the mechanism of cluster-cluster aggregation or of diffusionlimited aggregation [8, 9] . The resulting electrode deposit was silvery in color. The direct current density was 11.3-12.7 A/cm 2 . After completion of the arc discharge, we have collected the deposit formed during the synthesis of a plasma arc reactor at the cathode. The surface of the deposit was studied using scanning electron microscopy (SEM) with an electron microscope Jeol JSM 5800 LV. The accelerating voltage was 20 kV.
The analysis and measurement of linear dimensions of images were performed using the program Altami Studio 3.4.
RESULTS AND DISCUSSION
In Fig. 2 a, an image of the carbon deposit is shown obtained with a scanning electron microscope. In the process of formation of the carbon deposit, fractal clusters of 5-7 µm form «cloud-like» fractal aggregates of 80 µm. Quite huge fractal clusters of 20-40 µm in size that form fractal aggregates of 157 µm are also available.
In Fig. 2 b, the carbon deposit is represented, which features continuous fractal clusters of 1.5-11 µm and fractal aggregates of 30 µm in size.
In Fig. 2 c and Fig. 2 d, it is seen that the cathode structure is very porous and is composed of layers of laminas, one side of which features fractal clusters sized from smaller than 1 to 5 µm. From these pictures, it can assumed that the fractal structures come into being on the surfaces that have a very porous structure, as well as in the process of the plasma-arc discharge, where structural defects appeared on the cathode surface. As a result, the substance precipitates more quickly on the defects and consequently fractal structures are formed.
The carbon deposit was also obtained through the plasma arc discharge on the graphite cathode. The voltage maintained at the level of 40-50 V. The electric current was 90 A. The evaporation time of the upper electrode (anode) and the time of the formation of the deposit on the lower, fixed electrode (cathode) was 40 min. The current density was 30 A/cm 2 . This cathode is characterized by a more dense structure as compared to the pyrolytic carbon cathode. In this experiment, the electric current density was higher in comparison with that, where the pyrolytic carbon cathode was used. The plasma temperature in the reactor reached approximately 3200 K. Fig. 3 shows the obtained layered fractal aggregates ranging from 107.2 to 273 µm in size. It is possible that it was an increase in the electric current density and temperature in the reactor that resulted in the formation of layered fractal clusters and aggregates.
The formation of fractal structures consists in the process whereby carbon atoms of the atomized electrode acquire an electric charge in the electron plasma. This process also involves nanoparticles of 2-8 nm in size (Fig. 4) , which form continuous clusters, their dimensions being limited by the Coulomb blockade. One part of the globular clusters has a structure of amorphous carbon while the other represents multilayered spherical structures. Globular and continuous clusters serve as the basic materials for the formation of aggregates of 0.3-0.6 µm, which are the basis for building «cloud-like» structures of 5-7 µm in size (Fig. 2 a) , which are, in turn, the basis for shaping a structure resembling a «cauliflower head» (Fig. 3) . When examining the structure of the carbon deposits obtained, it can be noted that this structure formed through a selforganized process, the above structure being selfsimilar and hierarchical. For those structures to be obtained, the availability of certain conditions was also important: the substance concentration gradient, the electromagnetic field and the substance interaction with the field. As the intensity of the electromagnetic field around defects is usually higher, the substance precipitates faster there and fractal structures come into being [8] .
One of the most important characteristics of a fractal structure is the fractal dimension. To calculate this value, a model of fractal aggregates was used [10, 11] . The said aggregates consisted of clusters having a radius of r o = 1.4·10 -3 cm, radius of a fractal aggregate of R = 23.8·10 -3 cm, density of the carbon deposit of ρ = 2.026 g/cm 3 and a graphite density of ρ o = 2.270 g/cm 3 . With the radius of a fractal aggregate R , the number of clusters is defined as: (2) where D -the fractal dimension. From (2), the expression follows for the density of the substance within radius R:
where ρ -the density of the carbon deposit.
On the basis of the experimental data regarding the density of carbon deposits, as well as the radius of fractal aggregates, the fractal dimension was determined, which stands at D = 2.96.
Typically, aggregates, built by the help of chains of spheres, without overlapping, fractal dimension 1≤D≤d. D is not an integer and is between 1 and 3 (3 -in this case, the embedding space dimension) [12] . Hence, the structure of the carbon deposit obtained in the plasma of the electric discharge is a fractal one.
Radius of a fractal aggregate, adopted by the authors, is an indicative value, since the fractal structures of the carbon deposit obtained in an arc discharge are not spherical bodies. Nevertheless, the calculated value is close to reality and can serve as a characteristic of the production of carbon fractal structures. By reducing the relative size of individual clusters, the value of the fractal dimension D is committed to 3, which may mean increase in the density of filling the space with carbon clusters [13] .
The microhardness of such fractal carbon deposits exceeds that of the graphite by 1 to 2 orders of magnitude while the density thereof constitutes 59-61 % that of the graphite [2] .
CONCLUSIONS
The results show that the fractal structure of the carbon deposits are volumetric fractals whis dimension of carbon deposits is 2.96. Volume fractal structure consisting of fractal aggregates, the cloud formations, and the like ones having a similar structure may be formed of different materials -graphite and pyrolytic carbon. A necessary condition for the nucleation of carbon nanostructures is the formation of carbon nanoparticles in an arc discharge. 
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